Study of poly(3-hexylthiophene)/cross-linked poly(vinyl alcohol) as semiconductor/insulator for application in low voltage organic field effect transistors Low temperature magnetic field effects in Alq 3 -based organic light emitting diodes
Unraveling the temperature and voltage dependence of magnetic field effects in organic semiconductors In recent years, it was discovered that the current through an organic semiconductor, sandwiched between two non-magnetic electrodes, can be changed significantly by applying a small magnetic field. This surprisingly large magnetoresistance effect, often dubbed as organic magnetoresistance (OMAR), has puzzled the young field of organic spintronics during the last decade. Here, we present a detailed study on the voltage and temperature dependence of OMAR, aiming to unravel the lineshapes of the magnetic field effects and thereby gain a deeper fundamental understanding of the underlying microscopic mechanism. Using a full quantitative analysis of the lineshapes, we are able to extract all linewidth parameters and the voltage and temperature dependencies are explained with a recently proposed trion mechanism. Moreover, explicit microscopic simulations show a qualitative agreement to the experimental results. V C 2013 AIP Publishing LLC.
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I. INTRODUCTION
One of the exciting developments in the field of organic electronics is the discovery of a surprisingly large, room temperature, magnetoresistance effect in organic semiconductor devices without any ferromagnetic components, an effect often referred to as organic magnetoresistance (OMAR). 1, 2 The current through such a device, where the organic layer is sandwiched between two non-magnetic electrodes, can be changed significantly (up to 25%) by applying a small ($mT) magnetic field. The effect can be tuned by changing the operating conditions, such as voltage, temperature, and angle between the current and magnetic field. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Recently, cheap plastic sensor technology has been proposed as an example of its application potential. 16 Nevertheless, a fundamental understanding of the interactions of spins and charges in organic semiconductors currently remains the goal of extensive experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and theoretical [17] [18] [19] research.
To explain OMAR, all contemporary models incorporate pairs of spin-carrying particles undergoing spin-dependent reactions. The outcome of these reactions is influenced by the intrinsic mixing of the pair's spin state and subsequent suppression thereof in an external applied magnetic field. The models then diverge on the matter of which particle reaction is at the origin of OMAR. One can mainly distinguish between the reactions of: (i) equally charged polarons into bipolarons, 19 (ii) polaronic electrons and holes, 17 and (iii) triplet excitons with polarons or other triplets. 18 Very recently, we have shown that the dominant mechanism for OMAR depends on the exact material choice and operating conditions of the device. 20 Therefore, a thorough investigation of all relevant operating conditions is crucial in understanding magnetic field effects (MFEs) in organic semiconductors.
As introduced in the foregoing, mixing of spin states plays a crucial role in OMAR, regardless of the exact underlying model. There is a growing consensus about the importance of hyperfine fields, originating from the hydrogen nuclei in the organic material, for spin mixing. 13 In this case, the lineshape of the OMAR curve is related to the hyperfine field strength, which is on the order of a millitesla and we will refer to this as a low-field effect (LFE). The lineshape is, however, not only determined by the magnitude of the hyperfine fields. From the bipolaron model, for example, it is known that even with the same hyperfine fields, additional broadening occurs when the bipolaron formation rate is increased. 19, 21 Moreover, it has recently been shown that the LFE can be accompanied by a distinct magnetic field effect at ultra-small field scales (USFE, typically mT). 13 Beside low-field effects, OMAR curves can also show distinct features at higher magnetic field scales (HFE, $20 mT up to a few Tesla). Accurately measuring and understanding the exact lineshapes of the LFE and HFE is therefore of major importance since the lineshapes can be correlated to the dominant underlying mechanism. 20 In this chapter, we present a detailed study on the voltage and temperature dependence of OMAR, aiming to unravel the magnetic field effects on the current in pristine conjugated polymer devices. Even though OMAR has been studied extensively, there are only a few detailed reports on its temperature dependence. [2] [3] [4] [5] [6] [7] Moreover, these studies mainly focus on the magnitude of the OMAR effect. We show a full quantitative analysis of the lineshape and also extract the linewidth parameters. It was demonstrated before that in organic light emitting diode (OLED) type devices, the MFEs are dominated by the reactions between (trapped) triplets and polarons. 18, 22, 23 A schematic overview of this mechanism is shown in Fig. 1 . Here, the relevant particles and their (spin-dependent) reactions are depicted as a function of energy. We can distinguish between the rates of dissociation and recombination of singlet and triplet electron-hole pairs (q S,T and k S,T ) or doublet and quartet triplet-polaron pairs (r D,Q and k D,Q ), respectively. 23 (LFE) originates from mixing of precursor pairs by hyperfine fields (hf); whereas the mixing of triplet exciton-polaron pairs at the zero field splitting field scale (ZFS) leads to a high-field effect (HFE). By studying the MFE lineshapes as a function of voltage and temperature, we obtain a deeper understanding of these triplet-polaron reactions.
II. METHODS

A. Device fabrication
In this work, we studied the magnetic field effects on the current for devices consisting of a phenyl substituted poly(1,4-phenylenevinylene) semiconducting polymer called Super Yellow PPV (SY-PPV, Merck, used as received). The SY-PPV is dissolved in orthodichlorobenzene (ODCB) at a concentration of 8 mg/ml, and stirred on a hot plate at 50 C for at least 2 h. The devices were prepared on glass substrates with patterned indium tin oxide (ITO) anodes. After careful cleaning, followed by a UV-ozone treatment, a thin layer of poly(3,4/ethylenedioxythipophene):poly(styrenesulfonate) (PEDOT:PSS) was applied by spin coating. The SY-PPV was spin coated at 1200 RPM for 60 s, resulting in a layer thickness of 100 nm. Subsequently, the samples were transferred to a nitrogen filled glove box where the cathode, consisting of LiF and Al, was evaporated in a high vacuum system ð 10 7 mbarÞ. From this point on, the samples always remained in a dry nitrogen environment. The total junction stack thus consists of ITO/PEDOT:PSS(60 nm)/SY-PPV (100 nm)/LiF(1 nm)/Al(100 nm).
B. Measurements
Magnetic field effect measurements were performed in a cryostat that is attached to a glovebox with a dry nitrogen environment ([O 2 ] < 0.3 ppm, [H 2 O] < 0.3 ppm) and the sample temperature can be controlled from 10 K up to room temperature. The cryostat is placed between the poles of an electromagnet, which allows us to apply an external magnetic field up to 0.5 T, with an accuracy of 50 lT. The devices were driven at a constant voltage V using a Keithley 2400 Series SourceMeter. We measured the current I through the device while sweeping the magnetic field B. From this measurement, the magnetoconductance (MC) was calculated with MC(B) ¼ [I(B) -I(0)]/I(0).
C. Empirical lineshapes
In this study, we analyzed the magnetoconductance as a function of magnetic field MC(B) for different voltages and temperatures (refer to Fig. 2 for a typical result). To analyze the experimental results, we used the following fitting function: and the inset of Fig. 2(b) . This empirical function allows us to separately extract the role of the intrinsic hyperfine field (B hf ) and the extrinsic additional broadening (B m ) induced by the microscopic mechanism. The function converges to a Lorentzian lineshape for f(B m ¼ 0) and a so-called non-Lorentzian for f ðB m ) 0Þ. The USFE is incorporated by the parameter r, which describes the limit in which hopping of carriers is no longer slow compared to spin precession in the hyperfine fields. The high-field effect (HFE) is fitted with non-Lorentzian lineshape and has a characteristic linewidth B HFE . In the fitting procedure, the hyperfine field B hf is a shared fitting parameter, whereas the other parameters (LFE, B m , r, HFE, and B HFE ) can vary with temperature and voltage.
III. RESULTS AND DISCUSSION
A. Current density
In order to fully understand the voltage and temperature dependence of the magnetic field effects, we first need to address the effects on the current without an applied magnetic field. Therefore, we have measured the current density J as a function of voltage V for different temperatures T and the results are shown in Fig. 3 . We can identify three transport regimes: (i) an ohmic leakage current at the lowest voltages, (ii) a diffusion current in the diode regime below the built-in voltage ðV bi % 2 VÞ, with a rectifying exponential dependence J $ expðqV=nk B TÞ, and (iii) a space-charge limited current above the built-in voltage, with a power law dependence J $ ðV À V bi Þ n . Using this relation, we can extract V bi and n, as depicted by the solid line in Fig. 3 . We obtain a power factor n ¼ 3.1, whereas n ¼ 2 for a trap free device with ohmic electrodes, indicating the presence of traps in the organic layer. 24 
B. Magnetic field effects
To investigate the magnetic field effect on the current, we have systematically measured the magnetoconductance as a function of magnetic field, bias voltage, and temperature. We have analyzed the results by fitting this extensive experimental data set using Eq. (1), which allows us to unravel the lineshape of the MFE as a function of voltage and temperature. A typical result is shown in Fig. 2 . It is found that the lineshapes are accurately described, thereby obtaining reliable values for the amplitudes and linewidth parameters of the low-and high-field effects. Moreover, the ultra-small-field effect is also accurately characterized. We will start our discussion with the amplitudes of the MFEs. Thereafter, we will address the linewidths.
The magnitude of the low-and high-field effects as a function of voltage and temperature is shown in Figs. 4(a) and 4(b), respectively. Both magnetic field effects show a very characteristic MC(V) dependence, vanishing below the built-in voltage and peaking somewhat above. Both the onset as well as the peak value of the MFEs shift to higher voltages with decreasing temperature. Finally, it was shown that the magnetic field effect on the current in pristine organic semiconductors is predominantly governed by the reactions between triplet excitons and polarons. 18, 20, 22, 23, 25 Moreover, Cox et al. recently proposed an analytical model where these reactions are described by the spin-selective formation of socalled metastable trions from triplet exciton-polaron pairs. 23 Their model provides an intuitive explanation of the MC(V) dependence. The initial increase originates from the increase of triplet density with voltage, while the eventual decrease can be assigned to a saturation of trap filling.
In addition to this qualitative explanation, we analyzed the MC(V)-curves using the analytical model as capture coefficient ðc R $ 10 8 nm 3 s À1 Þ, triplet rate ðk T $ 10 4 s À1 Þ, and trion rate ðk Q $ 10 3 s À1 Þ, indicated in Fig. 1 , are taken from the literature. [26] [27] [28] The resulting fits are depicted by the solid lines in Fig. 4(a) and describe the MC(V)-curves remarkably well.
To confirm the physical validity of the fitting parameters, we have plotted the onset voltage V on obtained from the fit of the MC(V)-curves as a function of the built-in voltage V bi as acquired from the J(V)-curves. The result is shown in Fig. 5(a) . We observe a clear correlation between the two voltages, i.e., once the condition for bipolar charge injection is met ðV > V bi Þ, we can measure a MFE ðV > V on Þ, indicating the importance of both charge carriers for the measured MFE. The increase in built-in voltage with decreasing temperature is in agreement with literature results. 29, 30 Furthermore, we can evaluate the triplet-polaron interaction coefficient c TP as a function of temperature. The tripletpolaron interaction has been shown to scale with temperature as c TP / l h hRikT, 26 where hRi is the interaction radius. The hole mobility scales with l h / expðÀD=kTÞ, where D is the activation energy. 24 The triplet-polaron interaction coefficient as a function of temperature can be described using this relation, as shown in Fig. 5(b) . We find an interaction radius hRi $ 10 À9 m when using an activation energy D ¼ 0.48 eV, which is in agreement with literature values. 24 The analytical model can also explicitly describe the magnitude of the high-field effect, as is shown in Fig. 4(b) . The temperature dependence of the high-field effects is less pronounced than the low-field effect. In passing, we note that, assuming V on is equal for the LFE and HFE, there is only one remaining free fitting parameter, namely the trion dissociation rate. Although the resulting fit is not as accurate as the low-field effect, it still captures the essential trends.
C. Linewidth analysis
After this satisfactory description of the magnitudes of the magnetic field effects, we continue our discussion with the linewidths of the effects, where we first address the lowfield effect. Figures 6(a)-6(c) show the intrinsic hyperfine field strength B hf , the additional broadening of the low-field linewidth B m , and the ratio between hopping and precession r, respectively. Using our fitting procedure, we find, as expected, no temperature dependence in the hyperfine field strength and obtain an almost identical hyperfine field strength of approximately 0.9 mT for all measurements. However, B m and r do show a remarkable voltage and temperature dependence. In previous studies, the explicit linewidths have often been neglected. Nevertheless, studying the voltage and temperature dependency of the linewidths provides new insights in the underlying mechanisms for the MFEs on the current. The lines in Fig. 6(b) indicate a decrease in B m with increasing voltage and temperature. To explain this dependency, we need to elucidate the exact role of the extrinsic low-field linewidth parameter. Therefore, we performed numerous simulations and investigated the linewidths of the MFEs. 21, 31 The simulations reveal that additional broadening can be observed when the formation, dissociation, and recombination rates of the interacting polaron pairs are altered. Although a full description goes beyond the scope of this present chapter, a brief discussion of our findings is presented in Sec. III D.
The final parameter, which we introduced to correctly describe the ultra-small-field effect, is the ratio between hopping and precession r. Figure 6 (c) shows this ratio as a function of voltage and temperature and an increase in hopping rate with increasing voltage and temperature is observed. This trend can intuitively be explained by the increase in hopping rates upon raising the bias voltage or temperature, whereas the precession frequency remains unaffected. One might naively expect a much larger dependency of r on the voltage and temperature. We conjecture that this weak dependency is caused by a distribution of hopping times. 32 Only a certain range of hopping rates contribute to the MFEs in the current, because the fastest hops are not influenced by hyperfine based mixing mechanisms and the slowest hops hardly contribute to the total current. Changing the voltage or temperature only shifts the small range of hops which contribute to the MFEs.
Finally, we will discuss the linewidth of the high-field effect. The width of the HFE, caused by triplet-polaron interactions, is known to be related to the zero-field splitting (B ZFS ) of the triplet excitons, which is independent of temperature. Yet, in contrast to the hyperfine field strength, the linewidth of the high-field effect does show a clear voltage and temperature dependence, as can be seen in Fig. 7 . We attribute this difference to our description of the high-field effect, which is characterized by a single linewidth parameter B HFE . We propose that the high-field effect also has an intrinsic component, governed by the zero-field splitting rather than the hyperfine field, and an additional broadening parameter. This additional broadening will also be briefly discussed using simulations in Sec. III D.
D. Simulations
In all the models that have been proposed for OMAR, the magnetic-field dependent reactions of the spin carrying particles play an essential role. Schellekens et al. used an adapted Stochastic Liouville equation in a density-matrix formalism to successfully perform calculations on magnetic field effects in organic semiconductors. 31 We have used their approach to simulate magnetic field effects caused by triplet-polaron interactions. The calculations for the LFE and HFE, indicated by the dashed boxes in Fig. 1 , are schematically depicted in Figs. 8(a) and 9(a), respectively. We calculated the influence of changes in the different recombination and dissociation rates on the MFEs lineshapes.
For the LFE, the simulations reveal that additional broadening can be observed when the recombination and dissociation rates for singlets (k S , q S ) and triplets (k T , q T ) are varied, as is clearly shown in Fig. 8(b) . We have analyzed the LFE lineshape using Eq. (1), where we have fixed the value of the hyperfine field strength so that the only free fitting parameter is the extrinsic broadening parameter B m . The results are shown in Fig. 8(c) . Increasing the dissociation rate, while keeping the other rates in the system constant, causes less broadening of the MC(B)-curves, as described by a decrease in B m . We conjecture that an increase in voltage or temperature can increase the dissociation rate of the polaron pairs and, accordingly, decrease the extrinsic low-field linewidth B m . This is in agreement with our experimental results. Furthermore, the simulations show that this effect is more pronounced for a greater singlet to triplet recombination ratio. In passing, we note that the simulations do not take device physics into account, which could also cause additional broadening.
Finally, we have calculated the HFE for triplet-polaron interactions as a function of the magnetic field for different triplet-polaron dissociation (r D ) and reaction rates (k D ). The resulting lineshapes are shown in Fig. 9(b) . The HFE lineshape shows a similar lineshape as the LFE, but, as mentioned before, on a different field scale (B ZFS instead of B hf ). From the calculations, we can conclude that an increase in reaction rate, while keeping the other rates in the system constant, causes additional broadening of the MC(B)-curves even though B ZFS is kept constant. We have also analyzed the HFE lineshape using our empirical function. In this case, the intrinsic linewidth, which is governed by B ZFS instead of B hf , is also fixed so that the only free fitting parameter is the extrinsic broadening parameter B m . The result is shown in Fig. 9(c) . We conjecture that an increase in voltage or temperature could lead to an increase in reaction rate, explaining the experimental results in Fig. 7 . Please note that, to the best of our knowledge, these calculations are the first to show the influence of the different triplet-polaron reaction rates on the HFE lineshape.
IV. CONCLUSION
In conclusion, we have investigated the magnetic field effect on the current for a wide range of temperatures and voltages. Using a full quantitative analysis of the lineshapes, we are able to extract all linewidth parameters (both the linewidths and amplitudes) and explain their voltage and temperature dependence accordingly. We attribute the MFEs to the recently proposed trion mechanism. 23 We analyzed the MC(V)-curves using the analytical model as proposed by Cox et al. and confirmed the physical validity of the fitting parameters. The linewidths of the low-field effects have been analyzed and we show that the hyperfine field strength B hf is almost identical for all measurements, whereas B m and r do show a remarkable voltage and temperature dependence. Finally, the high-field effect linewidth B HFE also show a surprising voltage and temperature dependence. Preliminary results on microscopic simulations show a qualitative agreement to the experimental results. This opens up unprecedented routes towards a deeper fundamental understanding of the relevant triplet polaron reaction rates for OMAR.
